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sion energies at which experiments were done,
the experimental Cl/Cl* + H2 DCSs were scaled
to the theoretical CW values by means of a single
multiplicative factor.

The reactive backwardDCS for theBO-allowed
Cl-atom reaction increasesmuchmore rapidlywith
increasing collision energy than that for the BO-
forbidden reaction of Cl*. This was the prediction
of our earlier scattering calculations (5). The energy
dependence of the ratio of the backward DCSs for
the Cl and Cl* reactions is shown in Fig. 4B.
As can be seen, agreement with the predictions
of quantum-scattering calculations on both PESs
is almost always within the experimental uncer-
tainty limits. Only at the lowest collision energy
studied here, ~ 4.2 kcal/mol, is the excited spin-
orbit state more reactive than the ground spin-
orbit state.

The excellent overall agreement between our
molecular beam experiments and the results of
quantum-reactive scattering calculations on two
sets of ab initio PESs indicates that the theoretical
formulation includes correctly the essential phys-
ics governing the nonadiabatic processes of im-
portance in the Cl + H2 reaction. The degree of
agreement, both for this and the F/F*+D2 reac-
tion (11), demonstrates that we can now attain the
same level of accuracy in the theoretical model-
ing of triatomic reactions involvingmultiple PESs
as has been achieved previously for reactions in
which only one PES is included (6, 10, 30, 31).
Ultimately, the success attained here should en-

courage similarly detailed experimental-theoretical
investigations of non-BO effects in more complex
chemical reactions (32, 33).
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Midbody Targeting of the ESCRT
Machinery by a Noncanonical
Coiled Coil in CEP55
Hyung Ho Lee,1 Natalie Elia,2 Rodolfo Ghirlando,1 Jennifer Lippincott-Schwartz,2 James H. Hurley1*

The ESCRT (endosomal sorting complex required for transport) machinery is required for the
scission of membrane necks in processes including the budding of HIV-1 and cytokinesis.
An essential step in cytokinesis is recruitment of the ESCRT-I complex and the ESCRT-associated
protein ALIX to the midbody (the structure that tethers two daughter cells) by the protein
CEP55. Biochemical experiments show that peptides from ALIX and the ESCRT-I subunit TSG101
compete for binding to the ESCRT- and ALIX-binding region (EABR) of CEP55. We solved the crystal
structure of EABR bound to an ALIX peptide at a resolution of 2.0 angstroms. The structure
shows that EABR forms an aberrant dimeric parallel coiled coil. Bulky and charged residues at the
interface of the two central heptad repeats create asymmetry and a single binding site for an
ALIX or TSG101 peptide. Both ALIX and ESCRT-I are required for cytokinesis, which suggests that
multiple CEP55 dimers are required for function.

Cytokinesis, the division of the cytoplasm,
is the final step of the M phase of the cell
cycle. Cytokinesis begins with the for-

mation of the contractile ring, which drives the
growth of the cleavage furrow. Vesicle trafficking
components, including the exocyst complex and
SNAREs (solubleN-ethylmaleimide–sensitive fac-
tor attachment protein receptors), deliver the addi-
tional membrane needed for the cleavage furrow

to grow (1–3). When the extension of the furrow
ends, the contractile ring disassembles, and a struc-
ture known as the midbody remains as the final
tether between the two daughter cells. The last
step in cytokinesis, the cleavage of the plasma
membrane at the midbody, is referred to as ab-
scission. The mechanism of abscission became
clearer with the discovery that the midbody pro-
tein CEP55 (4–6) recruits two key components of

the ESCRTmachinery (7–11): the ESCRT-I com-
plex and ALIX (12, 13). The role of ALIX and
ESCRT-I in abscission appears to be recruitment
of ESCRT-III subunits, which are required for
normal midbody morphology (14) and are wide-
ly believed to have a membrane scission activity
(15).

Deletion analysis of ALIX mapped the inter-
action with CEP55 to a putative unstructured Pro-
rich sequence near its C terminus (12, 13). Similarly,
the TSG101 subunit of ESCRT-I interacts via an
unstructured linker between its ubiquitin-binding
UEV domain and the region that forms the core
complex with other ESCRT-I subunits (12, 13).
CEP55 is a predominantly coiled-coil protein that
otherwise lacks familiar protein-protein interac-
tion domains. The predicted coiled coil of CEP55
is interrupted near the middle by a ~60-residue
region that has been suggested to serve as a hinge
between theN- and C-terminal coiled-coil regions
(13). Remarkably, this putative hinge region is
also the locus for binding to the putative unstruc-
tured Pro-rich regions of ALIX and TSG101.
Because it is very unusual for two unstructured
regions from two different proteins to drive spe-
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Fig. 1. The CEP55 ESCRT- and ALIX-binding region
(EABR) and its interactions. (A) Predicted coiled-coil
regions (yellow) and the EABR of CEP55 (blue). The region
designated EABR corresponds to the region formerly
suggested to be a hinge between the N- and C-terminal
coiled coils (13). (B) CEP55 binding sequences of ALIX and
the ESCRT-I subunit TSG101. Conserved residues are high-
lighted in light green; residues shown to be functionally
important in ALIX are in bold red type (21). (C) Pull-down
of CEP55-EABR by the GST-ALIX fragment shown, in the
presence of the indicated amounts of TSG101 peptide com-
petitor. (D) Isothermal titration calorimetry (ITC) of ALIX
peptide into CEP55-EABR solution. (E) ITC of TSG101 pep-
tide into CEP55-EABR solution.

Fig. 2. Structure of the
noncanonical CEP55-EABR
coiled coil and its complex
with ALIX. (A) The overall
structure of the CEP55-EABR
homodimer (green and blue
ribbons) in complex with the
ALIX peptide (stick model:
carbon, orange; oxygen, red;
nitrogen, blue). (B) Helical
wheel analysis of the six
heptad repeats of the EABR
coiled coil (21). (C) Charge
repulsion between Asp188,
Arg191, and Glu192 pairs in
thehomodimer creates asym-
metry in the coiled coil and
interactions with the ALIX
peptide. (D) Overview and
close-ups of selected regions
of the CEP55 surface (carbon,
green; oxygen, red; nitrogen,
blue), with the ALIX peptide
colored as in (A). (E to G)
Molecular interactions in
the complex shown in de-
tail and colored as in (A).
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cific contacts between them, we pursued a more
detailed deletion analysis (fig. S1) with the aim of
characterizing binding constants, stoichiometry,
and the structural basis of the interaction.

The CEP55 fragment EABR containing resi-
dues 160 to 217 (Fig. 1A and fig. S1) bound to a
13-residue peptide based on the Pro-rich sequence
of ALIX (residues 797 to 809) (Fig. 1B) with a
dissociation constant Kd = 1 mM and a stoichi-
ometry of 2:1 (Fig. 1D). The EABR bound to the
related TSG101 peptide (residues 154 to 166)
with essentially the same affinity and stoichi-
ometry (Fig. 1E). Various CEP55-EABR:peptide
stoichiometric mixtures were subjected to ana-
lytical ultracentrifugation (figs. S2 to S4). A 2:1
EABR:ALIX mixture showed the presence of a
single complex, whereas all mixtures having a
higher proportion of peptide resulted in the 2:1

complex as well as excess free peptide. Similarly,
a peptide derived from the Pro-rich region of
TSG101 formed a 2:1 CEP55:peptide complex
(fig. S2). When the TSG101 peptide was added
to a preformed 2:1 CEP55:ALIX peptide com-
plex, a peak corresponding to the equivalent
amount of uncomplexed peptide was formed,
which suggests that TSG101 and ALIX compete
for the same site (fig. S2, bottom panel). Com-
petitive binding experiments (Fig. 1C) confirmed
that the two peptides interact with the same site.

To gain further insight into the structural
organization of ESCRTs at the midbody, we
determined the 2.0 Å resolution structure of
CEP55-EABR bound to the ALIX peptide (Fig.
2A, fig. S5, and table S1). The EABR forms a
parallel coiled coil over its entire length, com-
prising a total of six heptad repeats (Fig. 2B). In

the two heptad repeats closest to the N and C
termini, respectively, there is canonical hydro-
phobic packing between the two coils. In the two
central heptad repeats (repeats 3 and 4), in con-
trast, there are several nonstandard interactions
between the coils (Fig. 2, B and C). In repeat 3,
the a position is occupied by Asn181 and the d po-
sition by Trp184 (Fig. 2B). In repeat 4, Asp188 and
Arg191 occupy these two positions. Asp and Arg
occur at the a and d positions, respectively, of
coiled coils with less than 1% of their overall
frequency in GenBank (16). The effect of placing
four disfavored polar and/or bulky residues at
both the a and d positions of adjacent heptad
repeats is dual. First, the two coils are pushed up
to 9 Å apart (fig. S6), versus 6 Å for canonical
parallel dimeric coils (17). Second, to avoid steric
overlap and electrostatic repulsion, the structure

Fig. 3. Point mutations in CEP55 and ALIX abrogate binding and cellular local-
ization. (A) Surface plasmon resonance (SPR) analysis of wild-type and mutant
CEP55-EABR mutants binding to wild-type ALIX fragment. Binding curves are
colored according to affinity in the order red > blue > pink > cyan > green > black
in (A) and (B). (B) SPR analysis of wild-type and mutant ALIX fragment binding to
wild-type CEP55-EABR. (C) Midbody localization of wild-type and mutant GFP-ALIX
expressed in HeLa cells. Insets show higher magnification of the midbody region. In
the middle panels, a-tubulin staining was used to highlight the midbody micro-
tubule structure. (D) Live-cell imaging of midbody localization of wild-type mCh-ALIX and wild-type or mutant CEP55 coexpressed in HeLa cells. CEP55 midbody
localization was not affected in the mutant (fig. S7). Insets show higher magnification of the midbody region. Scale bars, 10 mm.
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becomes asymmetric (Fig. 2C). By pushing apart
the two coils in an asymmetric manner, the four
noncanonical a- and d-position residues create a
single binding site for the ALIX peptide.

The ALIX peptide interacts with CEP55-
EABR via its GPP sequence (Gly800, Pro801,
Pro802) and Tyr806, which together form the
GPPX3Y motif. The peptide conformation is
kinked between the GPP and Tyr806, and wraps
around the protruding side chain of CEP55 Tyr187

(Fig. 2, D and E). CEP55 Tyr187 is essential for
the ALIX interaction (Fig. 3A). The GPP se-
quence makes extensive contacts with CEP55
Trp184 and Tyr187 and with the aliphatic portions
of the Lys180 and Gln183 side chains (Fig. 2, D to
G). Mutation of CEP55 residues Trp184 or Tyr187

reduces binding to essentially undetectable levels
(Fig. 3A).Within theGPP sequence, Pro801makes
the most extensive contacts of the three residues
of the GPP motif, and its mutation to Ala reduces
binding by a factor of ~60 (Fig. 3B). TheGly and
the second Promake correspondingly smaller but
still substantial contributions to specificity (Fig.
3B). The second major point of contact involves
ALIX Tyr806, which wedges its ring between
CEP55Tyr187 and Trp184 and forms a short, strong
hydrogen bond between its hydroxyl and the side
chain of Glu192’ (Fig. 2, E and F). Mutation of

Glu192 reduces binding by a factor of ~30 (Fig.
3A), whereas mutation of ALIX Tyr806 almost
completely abolishes binding (Fig. 3B).

To evaluate the effect of interfering with
ALIX-CEP55 interactions on the subcellular lo-
calization of ALIX, we tagged full-length ALIX
mutants with green fluorescent protein (GFP) and
compared their localization to that of wild-type
ALIX. Whereas wild-type ALIX strongly local-
ized to midbodies (Fig. 3C, top row) (12, 13),
ALIXP801A, which hadweaker binding affinity in
vitro, had reducedmidbody localization (Fig. 3C,
row 2). Notably, ALIXY806A, which completely
blocks binding in vitro, showed no midbody lo-
calization above background (Fig. 3C, bottom
row). The magnitude of the effect of mutating the
ALIX GPPX3Y motif on localization thus corre-
lates well with the effects on in vitro binding and
with the structure.

To further understand the relationship be-
tween ALIX and CEP55 in cells, we tested a
series of GFP-CEP55 mutants at the correspond-
ing binding residues. Although the localization of
CEP55 to midbodies was not affected in any of
themutants (fig. S7), ALIX localization appeared
to be impaired. Specifically, cells cotransfected
with wild-type mCh-ALIX (mCh, monomeric
cherry red fluorescent protein) and any of the

CEP55 mutants W184A, Y187A, and R191A
showed severely impaired midbody localization
of mCh-ALIX relative to wild-type CEP55 (Fig.
3D). This shows that the integrity of CEP55-
EABR is important for ALIX to target to this
structure. When mCh-TSG101 was cotransfected
with CEP55 mutants (fig. S8), a similar CEP55
dependence on TSG101midbody localization was
observed. Taken together, the cellular results strong-
ly corroborate that the interfacial residues observed
in both ALIX and CEP55 are responsible for the
physiological localization of ALIX byCEP55. Fur-
thermore, the localization of TSG101 is shown to
be controlled in cells by the same key EABR res-
idues in CEP55 as for ALIX.

The ESCRT machinery directs a conserved
membrane cleavage reaction that is important in
multiple cellular processes. At the endosome, the
ESCRTs have a dual function in cargo sorting and
membrane budding. ESCRTs are targeted to endo-
somes by multiple low-affinity (Kd > 100 mM)
interactions with ubiquitinated membrane proteins
andmicromolar interactionswith3-phosphoinositides
(7–11). Viruses such as HIV-1, in contrast, appear
to self-organize into buds and require the ESCRTs
for their final scission from the plasma membrane
of the host cell (18–20). In viral budding, ESCRT
targeting is mediated primarily by micromolar-
affinity (Kd ~ 5 to 30 mM) interactions with PTAP
and YPXL motifs (21) and ESCRT-I (22) and
ALIX (23, 24), respectively. ESCRT targeting to
the midbody appears more similar to the situation
in viral as opposed to endosomal budding, in that
a single, highly specific micromolar binary inter-
action between GPPX3Y motifs and CEP55-
EABR is key to recruitment. These observations
are consistent with a model in which the ESCRTs
have a broad-based modular membrane scission
activity targeted via the recognition of short peptide
motifs, in addition to their endosome-specific,
ubiquitin-directed ability to cluster cargo.

In a working model for cleavage of the mem-
brane neck, ESCRT-I andALIX recruit ESCRT-III
components, which are also found at the midbody
(13). ESCRT-III forms a circular array that is an
attractive candidate to drive the closure and cleav-
age of the membrane neck (15). Indeed, an ALIX
allele defective in binding the ESCRT-III subunit
CHMP4 does not support cytokinesis (14). Both
ESCRT-I and ALIX are needed for cytokinesis, at
least in HeLa cells (12, 13). Our finding that one
CEP55 dimer binds to only one copy of ALIX or
ESCRT-I indicates thatmultiple CEP55 dimers are
required for function, which suggests that the nu-
cleation of ESCRT-III assembly occurs at a min-
imum of two sites. The unexpected finding that
the region previously thought to form a hinge be-
tween the N-terminal and C-terminal coiled coils
is, in fact, itself in a coiled-coil conformation and is
probably contiguous with the N-terminal coiled
coil provides tight constraints on possible models
for the organization of CEP55within themidbody.
A possible model that incorporates the charac-
terization of the CEP55-EABR:ALIX complex
and related crystallographic (25–27) and electron

Fig. 4. A model for the
organization of CEP55-
ESCRT and CEP55-ALIX
complexes in the mid-
body. The model of the
N-terminal half of the
CEP55 structure docked
to the ESCRT-I core (25)
andUEV domain (22) and
ALIX (26) structures is de-
scribed in the supporting
online material. The crys-
tallized EABR portion of
the CEP55 coiled coil is
highlighted in red. The
structure of the C-terminal
domain of the yeast Vps28
subunit of ESCRT-I is shown
(28) as a putative binding
site for Vps20, the yeast
ortholog of the human
ESCRT-III subunit CHMP6.
The binding site on the
Bro1 domain of ALIX for
the C-terminal helix (blue)
of the CHMP4 subunit of
ESCRT-III is shown (27,29).
A schematic of an ESCRT-III
circular array (15) is also
shown. The width of the
membrane neck is not to
scale.
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microscopic analyses (15) is shown in Fig. 4.
Although much remains to be learned about the
molecular architecture of the midbody and the
precise stereochemistry of cytokinesis, the results
and model presented here provide one foothold
for furthering such an understanding.
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Functional Traits and Niche-Based
Tree Community Assembly in an
Amazonian Forest
Nathan J. B. Kraft,1 Renato Valencia,2 David D. Ackerly1

It is debated whether species-level differences in ecological strategy, which play a key role in
much of coexistence theory, are important in structuring highly diverse communities. We examined
the co-occurrence patterns of over 1100 tree species in a 25-hectare Amazonian forest plot
in relation to field-measured functional traits. Using a null model approach, we show that
co-occurring trees are often less ecologically similar than a niche-free (neutral) model predicts.
Furthermore, we find evidence for processes that simultaneously drive convergence and divergence
in key aspects of plant strategy, suggesting that at least two distinct niche-based processes are
occurring. Our results show that strategy differentiation among species contributes to the
maintenance of diversity in one of the most diverse tropical forests in the world.

Explaining the high species diversity of
moist tropical forests has proved an en-
during challenge to ecologists and has in-

spired many theories of species coexistence and
much debate (1–3). Current coexistence theories
can be divided into two categories: those that in-
voke a role for meaningful differences in the eco-
logical strategy (niche) of co-occurring species
(2–5), and those that rely on dispersal and sto-
chastic demographic processes that explicitly as-
sume the equivalent per capita fitness of species
(1). The latter, termed neutral theory, was initially
developed to explain coexistence in diverse trop-
ical forests (1), where it seemed implausible that
each tree species occupied a unique niche, although
it can be applied to a range of communities.

Few large-scale tests of coexistence theories in
tropical forests have explicitly examined the eco-
logical strategy of co-occurring species, in part
because of difficulties in identifying more than a
few discrete plant strategies (such as shade-
tolerant, light-demanding pioneer, etc.) (6). Re-
cent advances in functional ecology now permit a
more precise quantification of woody plant strat-
egy along a number of continuous, often orthogo-
nal, axes of variation related to resource acquisition
strategy, regeneration niche, environmental toler-
ance, and life history (7–10), opening the door for
previously intractable analyses.

Here we present a critical test of neutral and
niche-based coexistence theories in one of the
most diverse tropical forest plots in the world.
The stochastic processes associated with neutral
theory assume the equivalence of all individuals,
and therefore species, with the result that species
co-occurrence patterns should be random with
respect to ecological strategy (1, 11). We tested

for two niche-based alternatives: (i) that co-
occurring species converge in strategy because of
establishment and/or survival barriers imposed by
the abiotic environment (“environmental filtering”)
(4, 12, 13); and (ii) that co-occurring species di-
verge in strategy as predicted by classic coexis-
tence theory (“niche differentiation”) (5, 14). The
latter pattern may occur as a result of competition
or of enemy-mediated density dependence (15) if
plant susceptibility (16) and overall plant strategy
are phylogenetically conserved. A strength of our
approach is that we are able to test for both pro-
cesses (17), because environmental filtering should
limit the range of strategies found in a community
(12, 17), whereas niche differentiation should
spread individuals evenly along strategy axes
(14, 17). These two features of community-trait
distributions can be assessed sequentially.

We tested these predictions in theYasuní Forest
Dynamics Plot (FDP) in eastern Ecuador, a 25-ha
plot containing over 150,000 mapped trees ≥1 cm
in diameter at breast height (dbh) from over 1100
species (18). The ecological strategy for each spe-
cies was quantified with field-measured estimates
of specific leaf area (SLA, leaf area divided by dry
mass), leaf nitrogen concentration, leaf size, seed
mass, and maximum dbh (used here as a proxy
for maximum height), as well as published es-
timates of wood density (19, 20). We combined
this trait information with species co-occurrence
data to develop estimates of the community-trait
distribution at the 20-by-20–m (“quadrat”) scale.
Metrics of community-trait structure sensitive to
environmental filtering and niche differentiation
were compared to a null expectation. We gener-
ated our null expectation by creating random com-
munities of equal richness by drawing species from
the entire plot weighted by their plot-wide occur-
rence, irrespective of trait values (20).

We predict that if habitat filtering is occurring
at the quadrat scale, the range of observed trait
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